Introduction
Since it was discovered by McCollum in 1922 how vitamin D was involved in bone mineralisation and was responsible for rickets 1 , much new knowledge has come to light. From being a vitamin it has become considered to be a hormone 2 , and with parathormone and calcitonin makes up the calciotropic hormone group. Its important role in the homeostasis of calcium and its direct action on bone tissue have made it the object of continual research in the study of mineral metabolism.
However, receptors for vitamin D (VDR) have been detected in almost all human tissues, and its capacity to regulate the expression of numerous genes has been discovered 3 . A randomised double blind clinical trial, recently published and carried out in 6 subjects over the winter to see the effects of vitamin D supplements over 2 months on gene expression found that at the start of the study there was a significant difference in the expression of 66 genes between subjects with vitamin D deficiency (<20 ng/mL) and those with initial levels >20 ng/ml. After 2 months with vitamin D supplements the expression of these 66 genes was similar in both groups. Furthermore, 17 genes regulated by vitamin D were identified as new candidates for the response to vitamin D, which have been shown to be important for the regulation of gene transcription, immune function, response to stress and DNA repair 4 . This suggests that vitamin D has a hormonal effect beyond the bone, and it is gradually being conceded that vitamin D has a significant role in general human physiology 5, 6 . Numerous studies have been carried out over the years in order to provide evidence of these actions outside the bone, the most significant being those which take place in the muscle, in cancers, in glucose metabolism and the immune system, which are those which we analyse in this review.
Vitamin D and muscle activity
The intervention of vitamin D in muscle function has been known for many years and has been widely studied. It has long been observed that a deficiency in vitamin D leads to myopathy characterised by proximal muscular weakness and atrophy 7 , and the presence of VDR in the muscle tissue of the skeleton has been evidenced in various studies [8] [9] [10] , with a decrease in these receptors being observed with age 11 . Vitamin D regulates muscle development and contractility, and this occurs though genomic actions, stimulating the proliferation of muscle cells and their differentiation through transcription, mediated by nuclear-specific receptors, of genes which express an increase in the synthesis of cell DNA, followed by the induction of specific muscular proteins (proteins which bond to calcium and myosin). But it also exerts non-genomic actions, interacting with the receptor specific to the muscle cell membrane, which then brings about the stimulation of adenyl cyclase and the phospholipases C, D and A2, and the action of the intracellular signalling pathways, such as the MAPK (Mitogen-activated protein kinase) cascade, which finally acts on the DNA inducing cell division 12, 13 . In a recently-published study the authors observed that mice recently born of vitamin D deficient mothers had smaller muscles cells than those whose mothers had sufficient levels 14 . However, it should be said that the existence of VDR in muscle cells is questioned by some authors. In a study carried out by Wang et al., the researchers were unable to detect VDR in mouse muscle cells and observed that the antibodies use to detect the VDRs are not specific to those receptors, which could explain the possibly false positive results in earlier studies. The authors concluded that the effect that vitamin D has on the muscle should be indirect 15 . However, some authors consider that these findings may be due to differences in experimental conditions and the possible existence of the close bonding of the VDR with the specific hormonal response element of the DNA when coupled with vitamin D 16 . In any case, a small presence of VDR in the muscle may be sufficient to allow the action of vitamin D in these cells. Another possibility is that there may be differences in the expression of the VDR in the muscle of different species and over the different stages of muscle differentiation 17 . Lastly, some researchers have suggested that, apart from VDR specifically, it is possible that other cytoplasmic receptors (such as the steroids, given their molecular similarity) may be responsible for the rapid actions of the vitamin D metabolites in the muscle 18 . On this basis, it is easy to understand that vitamin D takes a significant role in muscle activity 19 . As we indicated at the start, various studies have already for some time been demonstrating that a deficit in vitamin D is associated with diffuse myalgia, muscle weakness 20, 21 and sarcopenia, all caused by muscular atrophy, principally of type II muscle fibres, and affecting above all the proximal musculature 22, 23 . To understand the relationship between levels of vitamin D and risk of falls and muscle weakness, Stewart et al. carried out a study in 242 healthy postmenopausal women. In order to achieve this they looked for a correlation between some indicators of good physical health, such as the android fat mass, the lean body mass, balance and the strength of grip, the strength of the torso and the strength of the lower limbs. They found that the levels of vitamin D were correlated with all these factors except strength of torso and lower limbs, concluding that levels of vitamin D may contribute to these indices of physical health in healthy postmenopausal women 24 .
In addition, and in agreement with what has been said earlier, various studies have shown that vitamin D supplements improve considerably muscle strength, especially in the elderly population with hypovitaminosis. Bunout et al. evaluated the effects of resistance training and the provision of vitamin D supplements on the physical condition of 96 healthy older people with low levels of vitamin D, concluding that its addition improved the speed of movement and stability, while the training improved muscle strength 25 . In a randomised placebo-controlled study, carried out in outpatients over 65 years of age with a history of falls and hypovitaminosis, and whose aim was to see the effect on physical and muscle function of a vitamin D supplement (ergocalciferol) administered in a single intramuscular dose of 600,000 UI, the authors found as a result that, at 6 months, the subjects who had received the vitamin D supplement achieved significant benefits in physical function, reaction time and balance, although not in muscle strength 26 . In a study by Bischoff-Ferrari et al. the authors demonstrated that vitamin D with calcium improves the postural and dynamic balance of institutionalised older people 27 . Moreira-Pfrimer et al. studied muscle strength in 46 institutionalised subjects of ≥65 years of age, to whom had been administered randomly over 6 months, either daily calcium plus placebo, or daily calcium plus vitamin D. By the end of the study, and in the absence of physical exercise, the strength of the hip flexors increased in the group who received vitamin D by 16.4% (p=0.0001), and the strength of the extensors in the knee by 24.6% (p=0.0007) 28 . However, there are studies which conclude that in healthy older people vitamin D supplements do not prevent the decrease in muscle strength due to age-related regression 29, 30 . In a review carried out by Annweiler et al., the results regarding the association between vitamin D and physical function were arguable 31 , although a more recent meta-analysis concluded that vitamin D supplements at daily doses of 800 to 1,000 UI were shown to have beneficial effects on muscle strength and balance in older people 32 . Muscle weakness associated with hypovitaminosis D, if a certain limit is surpassed, may affect functional capacity and mobility, which puts especially older people at greater risk of falls, and therefore of fracture 26, 30 . A study carried out in institutionalised older women showed that those who took calcium and vitamin D for 3 months had a reduction in the risk of falls of 49% compared with those who only took calcium, and their musculo-skeletal function improved significantly (p=0.0094) 33 . Similar results were obtained by Pfeifer et al. in a study carried out in older people of both sexes 34 . With regard to the effect on falls of vitamin D, in a placebo-controlled randomised study of multiple doses, it was shown that the administration of 800 UI/day of vitamin D for more than 5 months reduced the adjusted-incidence rate of falls by 72% 35 . Various meta-data analyses published in recent years indicate that vitamin D supplements reduce the risk of falls in older people 36 . One of these, carried out by Bischoff-Ferrari et al. with 8 randomised placebo-controlled trials (n=2,426), showed that vitamin D supplements at doses of 700 to 1,000 UI/day, or blood levels of vitamin D ≥24 ng/ml, reduces the risk of falls by 19% and 23% respectively. No benefits were observed with lower doses of supplements or levels of blood vitamin D than those indicated 37 . This observation is corroborated in a Cochrane review carried out in 2009 by Gillespie et al. who observed that vitamin D supplements did not reduce the risk of falls (RR=0.96, 95% CI: 0.92-1.10), but indicated that they may do so in people with low blood levels of vitamin D 38 . In another review it was concluded that these supplements reduce the rate of falls (rate ratio RaR=0.72; 95% CI: 0.55-0.95) but not the risk of falls (risk ratio RR=0.98; 95% CI: 0.89-1.09) 39 . In a systematic review accompanied by a meta-analysis carried out by Kalyani et al., the authors obtained the result that vitamin D supplements effectively reduce the risk of falls in older women 40 .
In conclusion, there is evidence that the muscle responds to vitamin D, which ought to be an incentive for carrying out studies into its therapeutic potential in muscular pathologies. Furthermore, the evidence is sufficient to recommend that doctors take into account the observation of levels of vitamin D in patients with muscular disorders.
Vitamin D and cancer
The first publication on the association between exposure to sun and the reduction in mortality due to cancer in the US was produced in 1941 by Apperly 41 . Much later, in 1980, the Garland brothers proposed the hypothesis that vitamin D is a protector against cancer of the colon 42 . Since then, there have been many epidemiological studies aimed at evidencing this relationship, as well as with other types of cancer, mostly showing positive results. A recent systematic review carried out by Grant found a strong inverse relationship between sun exposure-vitamin D and the appearance of 15 different types of cancer: vesical, breast, uterine, colon, endometrial, oesophageal, gastric, lung, ovarian, pancreatic, rectal, renal, vulvar and Hodgkin and non-Hodgkin lymphoma 43 . Lappe et al., in a placebo-controlled double blind randomised trial carried out in 1,179 postmenopausal women to whom were assigned treatment with calcium only, or calcium and vitamin D or placebo found that improvements in the nutritional state of calcium and vitamin D reduced the risk of suffering any type of cancer 44 . In another more recent systematic review, van der Rhee et al. 45 found that almost all the epidemiological studies reviewed suggested that chronic (not intermittent) exposure to sun is associated with a reduced risk of colorectal, breast, and prostate cancer and non-Hodgkin lymphoma. In the case of colorectal cancer -and to a lesser degree in breast cancer -the levels of vitamin D are inversely associated with the risk of cancer, but not so in prostate cancer or in non-Hodgkin lymphoma. Other retrospective and prospective case-controlled studies, however, have found this inverse relationship in four types of cancer, colon, prostate, breast and non-Hodgkin lymphoma [46] [47] [48] [49] [50] [51] [52] , although a recently published study found no association in the case of prostate cancer 53 . Vitamin D and its analogues inhibit the proliferation, the angiogenesis, the migration and the invasion of the malignant line cells of cancer of the colon, prostate and breast, and induce their differentiation and apoptosis 54, 55 . Furthermore, the synthesis of prostaglandins and the Wnt/beta catenin signalling pathway are also influenced by vitamin D, which suppresses COX-2 expression and increases that of 15-PGDH, thus reducing levels of inflammatory prostaglandins. Thus are prostaglandin metabolism and signalling regulated, hence diminishing the promotion of the carcinogenesis promoted by them. This effect on the synthesis of prostaglandins also gives rise to a suppression of tumoral angiogenesis, by means of the regulation of the crucial factors which control it 56, 57 . Vitamin D also regulates the signalling of the androgen and estrogen receptors, thus inhibiting the growth of some tumours dependent on these hormones, such as those of the breast and the prostate, reducing also in the latter the expression of aromatase, which contributes to the inhibition of its growth 58, 59 . Association studies have certain limitations in terms of the establishment of a causal relationship between vitamin D status and a reduced risk of cancer. For example, low levels of vitamin D are also linked to confusion factors related to a greater risk of cancer, such as obesity, (as we see later, vitamin D is "retained" in adipose tissue) and a lack of physical activity (correlated with less time in the open air and exposure to sun) 50 . However, a double blind, randomised placebo-controlled trial of 4 years duration, carried out in more than a thousand postmenopausal women, whose principal secondary objective was the incidence of cancer, showed that the administration of calcium supplements (1,400-1,500 mg/day) and vitamin D (1,100 UI/day) reduced the relative risk of cancer by approximately 60% (p<0.01). The repetition of an analysis of cancer-free survival after the first 12 months revealed that the relative risk for the group with calcium and vitamin D was reduced by approximately 77% (95% CI: 0.09-0.60; p<0.005). Multiple regression models also show that treatment and blood concentrations of vitamin D are significant independent predictors of the risk of cancer 44 . Evidently, studies which relate vitamin D deficiency to the risk of cancer do not show that this is a causal relationship. More clinical trials are necessary aimed specifically at looking at the effects of vitamin D supplements in the development of neoplasms, and whether the maintenance of sufficient levels of vitamin D may be an effective preventative measure.
Vitamin D and metabolic diseases: diabetes and obesity
The hypothesis that vitamin D may be relevant to the risk of diabetes is consistent, given the numerous studies which have shown an inverse association between vitamin D deficiency and the disease, especially type 2.
A meta-analysis carried out in order to observe the association between the status of vitamin D or its supplement and the incidence of type 2 diabetes showed that those subjects with levels of the hormone >25 ng/ml, compared with those who had levels <14 ng/ml, had a 43% lower risk of developing type 2 diabetes, and that a daily supplement of vitamin D higher than 500 UI, compared with one <200 UI/day, reduced the risk by 13% 60 . Another study carried out by George et al., concluded however that there was not sufficient evidence of the beneficial effects to recommend vitamin D supplements as a measure to improve glycemia or resistance to insulin in patients with diabetes 61 . Song et al. have published another more recent study in which they conclude that there is a reduction of 38% in the risk of suffering diabetes type 2 when comparing people with higher levels of vitamin D with those with lower levels (RR=0.62; 95% CI, 0.54-0.70) 62 . The Nurses' Health Study conducted a follow up study of more than 83,000 women and it was observed that a daily intake of calcium >1,200 mg plus a vitamin D supplement >800 UI was associated with a lower risk (33%) of suffering diabetes type 2 (RR=0.67; 95% CI: 0.49-0.90) compared with an intake of calcium <600 mg plus 400 UI of vitamin D 63 . A prospective study which followed up more than 2,000 participants showed that the risk of progression from pre-diabetes to diabetes was 62% lower when those with levels of vitamin D in the highest quartile were compared with those who had levels in the lowest quartile 64 . This could be explained by the findings which indicate that vitamin D exerts various anti-diabetic effects 65 . The VDR is expressed in the pancreatic beta cells, and vitamin D stimulates the secretion of insulin 66, 67 . Various studies have shown that vitamin D supplements result in an improved sensitivity to insulin [68] [69] [70] , mediated, for example, by an increase in the production of insulin receptors 66 , and modulates inflammation, which it is thought, also plays a role in diabetes type 2 67, 71 . On the other hand, it has also been demonstrated that obese subjects have lower levels of vitamin D than those who are not obese [72] [73] [74] [75] [76] [77] . These lower levels have been explained by, among other factors, the storage of vitamin D in body fat 78, 79 . Furthermore, these obese subjects respond less well to vitamin D supplements, their increase in vitamin D being less than in those who are not obese with the same dose of supplements, their needs therefore being greater 72, 76, 77 .
In connection with what has been said earlier, some studies have shown that the correction of a vitamin D deficit in obese subjects improves sensitivity to insulin 69 , although some authors have not found a reduction in the resistance to insulin with vitamin D supplements in these subjects 74, 80 . Indeed, in a recent randomised, double blind placebo-controlled study carried out by Salehpour et al. in 77 women who were overweight and obese, the authors found that the group of women who took vitamin D for 12 weeks showed a decrease in body fat mass significantly greater than the placebo group (-2.7±2.1 kg vs 0.47±2.1 kg; p<0.001), with a significant inverse correlation between the two parameters (r= -0.319, p=0.005), although the weight and the circumference of the wrist did not show any significant changes in either of the two groups 81 . These correlation data between vitamin D and body fat mass have already been reported by other authors 82, 83 . These common findings fit within the framework of the metabolic syndrome. In a study carried out in 4,727 healthy young people who were followed up over a period of 20 years, it was observed that the prevalence of the majority of the components of metabolic syndrome (abdominal obesity, hyperglycemia and low blood concentrations of HDL-cholesterol ) were reducing significantly over the quintiles for the intake of vitamin D (p=0.05).
There was a significant inverse association between the intake through the diet or by supplements of vitamin D and the risk of developing metabolic syndrome at 20 years 84 . Another follow up study over 5 years with 11,547 adults carried out in Australia observed that low levels of vitamin D were inversely correlated with a greater risk of metabolic syndrome, greater wrist circumference, higher levels of blood glucose and triglycerides, and greater resistance to insulin 85 . It has been observed in obese subjects that vitamin D supplements reduce levels of GH and IGF, which means that the adverse affects of the GH-IGF-insulin axis in the metabolism of glucose and the metabolic syndrome may be in part related to the deficit status of vitamin D 74 . All these studies demonstrate the involvement of vitamin D in the metabolism, although there are still many unknowns regarding its involvement in diabetes mellitus type 2 and obesity, and more generally, in metabolic syndrome, as well as in its etiopathogeny, and its potential therapeutic effect.
Vitamin D and diabetes mellitus type 1
There have also been studies carried out which look at the influence of vitamin D on diabetes type 1 86 . With a different etiopathogeny to type 2, diabetes type 1 may have a connection with vitamin D through its action on the immune system 87 , which we analyse in the following section. Littorin et al. observed that young adults recently diagnosed with diabetes type 1 had lower levels of vitamin D than those subjects without the disease, who acted as a control 88 . Sorensen et al. followed up 29,072 pregnant women and their offspring, and observed that the children of the women who had lower levels of vitamin D during pregnancy had double the risk of suffering diabetes type 1 than those of mothers with higher levels 89 . A study carried out in a cohort of new-born babies who were followed up over a year found that those who took vitamin D supplements, both regularly and irregularly, had a lower relative risk of suffering diabetes type 1 than those who did not do so (RR=0.12; 95% CI, 0.03-0.51 and RR=0.16; 95% CI, 0.04-0.74, respectively) 90 . Li et al studied 35 patients with latent autoimmune diabetes who were randomly assigned either to a group treated with insulin only or to a group treated with insulin and vitamin D for a year. At the end of this study the levels of C peptide diminished in the group treated with insulin only (p=0.006), while in the group treated with vitamin D also remained stable. 70% of the patients treated with vitamin D maintained or increased their levels of C peptide, while 22% of those treated with insulin alone did so, the difference being significant (p=0.01) 91 .
A meta-analysis of observational studies concluded that vitamin D supplements at early ages may offer protection against the development of diabetes type 1 92 . However, other authors did not find this protective effect of vitamin D in subjects with recently occurring diabetes type 1 93, 94 which means that more studies are required to help elucidate whether vitamin D may bring additional benefits to the treatment of these patients.
Vitamin D and the immune system
The participation of vitamin D in immunity has been studied for many years. VDRs are present in all the cells of the immune system 95 , and a great number of genes related to the immune system are regulated by vitamin D 96 .
Its involvement has been demonstrated both in natural and innate immunity (the beneficial effects of sunlight in patients with tuberculosis has been known for some time) and in acquired immunity. Vitamin D improves the antimicrobial effects of the macrophages and monocytes, as well as chemotaxis and the phagocytic capacity of these cells 97 . Cathelicidin and β2 defensin are antimicrobial peptides which act to destabilise the microbial membrane, and are produced by polimorphonuclears and macrophages. Vitamin D, through its VDR (along with the X retinoid receptors) directly activates the transcription of these peptides and their production [98] [99] [100] . In a study carried out in critical patients (with and without sepsis) the levels of vitamin D and cathelicidin were determined and compared with those of a group of healthy subject, and it was observed that the critical patients had lower values of both than the healthy subjects, and a positive and significant correlation between levels of vitamin D and cathelicidin was found 101 . There are also studies which show that vitamin D modulates the maturation of dendritic cells 102, 103 . On the other hand, it has been reported that vitamin D inhibits the cytokines of the T cells such as IL-2 and 17, and the toll-like receptors of the monocytes responsible for the recognition of a wide range of microbial agents and for the stimulation of the inflammatory response to them 97 . Finally, it has been confirmed that high doses of vitamin D in healthy subjects leads to a reduction in IL-6 (pro-inflammatory cytokine) produced by the monocytes 104 . All this, combined with various studies which have found low levels of vitamin D in patients with different infectious respiratory diseases [105] [106] [107] [108] , and others which provide evidence of a more rapid recovery in patients with tuberculosis in those to whom vitamin D supplements are administered 109, 110 , supports the theory of the participation of vitamin D in natural immunity.
With respect to acquired immunity, vitamin D regulates the differentiation and proliferation of the T and B lymphocytes, especially when these have been activated, since it has been confirmed that in the state of cell activity the expression of genes activated by vitamin D though its nuclear receptors specific to these cells increases considerably, genes which are involved in the regulation of the proliferation and differentiation of these lymphocytes 111, 112 . In the B lymphocytes this action has been seen to occur indirectly through the T lymphocyte co-operators or helpers, which induce the inhibition of the proliferation and differentiation of the B lymphocytes and the initiation of their apoptosis, as well as a lower production of immunoglobulins 113, 114 . However, more recent studies have shown a direct effect of vitamin D on the B lymphocytes 97, 111, 115 . With respect to the activated T lymphocytes, vitamin D leads to a state of greater immune tolerance, suppressing the proliferation and differentiation of the T lymphocyte co-operators and modulating the production of its cytokines 113 , inhibiting the pro-inflammatory cytokines (IL-2, interferon-γ, TNFα, IL-9, IL-22) 96, [116] [117] [118] , and promoting the production of anti-inflammatory cytokines (IL-3, IL-4, IL-5, IL-10) 119 . As a consequence, the relationship described by various authors between vitamin D deficiency and autoimmune diseases such as diabetes type 1 (as we have already mentioned), rheumatoid arthritis 120 , systemic lupus erythematosus 121 , multiple sclerosis 122 , psoriasis 123 , chronic inflammatory intestinal disease 124 , etc, is not surprising. Although, as has already been said in relation to cancer, more studies should be carried out to discover the true involvement of vitamin D in the pathogeny of these diseases.
Conclusions
It is clear that vitamin D has an involvement in general health, and that it does not only benefit bone. Apart from the functions discussed above, numerous studies have looked at its relationship with other functions such as reproduction, the nervous system, cardiovascular disease, etc. We should not forget the close relationship which exists between vitamin D and calcium, a molecule which also has a wide involvement in cell function. To what extent vitamin D is involved in physiology outside the bone is yet to be determined. However, the ever more numerous studies which are carried out in this area are leading the way and inviting researchers to continue to deepen the understanding of the actions of this vitamin, which has become a calciotropic hormone, and which may perhaps become to be seen, as with the thyroid hormones, as a hormone which acts multisystemically.
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